ABSTRACT: An experiment was carried out to determine the ileal digestibility values of NDF, CP, and AA associated with NDF in different samples of wheat shorts consisting of different proportions of wheat bran, shorts, and flour, hereafter referred to as wheat fractions. Six barrows (average initial BW 37.2 kg, and fitted with a simple T-cannula at the distal ileum) were fed one of six experimental diets, formulated to contain 17% CP (as-fed basis), according to a 6 × 6 Latin square design. Diets A, B, C, D, and E contained 17.53% soybean meal (SBM), which contributed 50% CP to these diets. The diets contained shorts, bran, or flour alone or in combination, contributing the remaining 50% CP to these diets. The proportions of shorts, bran, and flour in the wheat fractions were 70% shorts and 30% bran in diet A, 85% shorts and 15% bran in diet B, 100% shorts in diet C, 85% shorts and 15% flour in diet D, and 70% shorts and 30% flour in diet E. Diet F contained 35.05% soybean meal, which provided the sole source of dietary CP. Chromic oxide was used as a digestibility marker. During the first experimental period, the daily
Introduction
Wheat by-products are produced when wheat is processed into flour for human consumption. Wheat bran and shorts are often used as ingredients in diets for swine. Wheat shorts comprise the layer of the wheat kernel just inside the outer bran covering the endosperm.
As was discussed previously (Huang et al., 1999) , the nutritive value of wheat shorts is quite variable due to 1 2388 dietary allowance was provided at a rate of 5% (wt/ wt) of the average BW. Thereafter, the allowance was increased by 100 g at each successive period. Each experimental period comprised 12 d. Following a 7-d adaptation period, feces were collected for 48 h and ileal digesta for a total of 24 h. The contribution of CP and AA associated with NDF gradually decreased from wheat fraction A to E, reflecting a decrease in NDF content from 42.3 to 29.5%. Of the indispensable AA in wheat fraction A, the contributions ranged from 12.9 to 15.9%. In wheat fraction E, these values ranged from 9.0 to 11.3%. The ileal digestibility values of NDF ranged from 11.8% in diet E to 17.1% in diet C (P > 0.05). There were usually no differences (P > 0.05) in the ileal digestibilities of AA associated with NDF between the wheat fractions. However, with the exception of lysine and tyrosine, there were negative correlations (P < 0.05) between the apparent ileal AA digestibilities and the content (%) of CP associated with NDF in the wheat fractions. Furthermore, there was no effect (P > 0.05) of the diets containing wheat fractions on the recovery of bacterial protein and mucin in ileal digesta. different proportions of endosperm and bran particles. Part of the variation in AA digestibility values was related to differences in the content of NDF. Significant amounts of nitrogen are associated with the NDF fraction of feedstuffs (Schulze et al., 1994) , as well as AA (Lenis et al., 1996) . Protein and AA associated with the NDF fraction are likely to be of low digestibility because the digestive enzymes have limited access to the cell wall components and the cell contents (Bjergegaard et al., 1991) . There is no information in the literature on the utilization of AA associated with the NDF fraction, of which the content is relatively high in wheat shorts.
The objectives of the present studies were to determine the ileal digestibility values of CP and AA associated with the NDF fraction in different samples of wheat shorts (hereafter referred to as wheat fractions) and to establish a relationship between CP associated with NDF and ileal AA digestibility values. In addition, the effect of diet on ileal and fecal recoveries of bacterial protein and on ileal recoveries of crude mucin (CM) were determined.
Materials and Methods

Animals and Diets
A detailed description of the experimental procedures and formulation and composition of the experimental diets was presented previously (Huang et al., 1999) . Briefly, six barrows (average initial BW 37.2 kg) were fitted with a simple T-cannula at the distal ileum and fed six diets according to a 6 × 6 Latin square design. The average BW of the barrows at the conclusion of the experiment was 90.3 kg. The six diets contained 17% CP (%N × 6.25, as-fed basis). Diets A, B, C, D, and E contained 17.53% SBM, which contributed 50% CP to these diets. The wheat fractions contained wheat shorts, bran, or flour alone or in combination, which contributed the remaining 50% CP to these diets. The proportions of shorts, bran, and flour in the wheat fractions were 70% shorts and 30% bran in diet A, 85% shorts and 15% bran in diet B, 100% shorts in diet C, 85% shorts and 15% flour in diet D, and 70% shorts and 30% flour in diet E. Diet F contained 35.05% soybean meal, which provided the sole source of dietary CP. The feeding regimen as well as the procedures for collection of digesta and feces were described previously (Huang et al., 1999) . During the first experimental period, the daily dietary allowance was provided at a rate of 5% (wt/wt) of the average BW. Thereafter, the daily dietary allowance was increased by 100 g at each successive period. Each experimental period comprised 12 d. Following a 7-d adaptation period, feces were collected for 48 h (0800 on d 8 until 0800 on d 10) and ileal digesta for a total of 24 h (0800 on d 10 until 0800 on d 12). The experimental proposal, surgical procedures, and procedures for care and treatment of the barrows were reviewed and approved by the Faculty of Agriculture, Forestry and Home Economics Animal Care Committee of the University of Alberta. The barrows used in this experiment were cared for in accordance with guidelines established by CCAC (1993).
Chemical and Statistical Analysis
Samples of ingredients, diets, digesta, and feces were prepared for chemical analyses as described previously (Huang et al., 1999) .
The preparation of the NDF solution and the procedure for isolating NDF were adapted from Goering and Van Soest (1970) . Approximately 1 g of the dietary ingredients or ileal digesta was weighed into a 600-mL beaker. One hundred milliliters of NDF solution and 100 L of α-amylase (EC 3.2.1.1; Sigma Chemical Company, St. Louis, MO) were added to the beaker and kept overnight at room temperature. The beaker was heated to boiling on a refluxing apparatus for 60 min. The solution was then filtered into a glass crucible on a filter apparatus. The filtered material was washed several times with hot water to remove the NDF solution. Thereafter, the residual material was washed with acetone several times. The crucible was dried at 110°C overnight and weighed after it was taken out of the oven and still hot. The weight was recorded and the residue was collected from the crucible. Then, the crucible was ashed at 500°C overnight and placed into an oven at 110°C for equilibration and weighed. The total NDF content was calculated by subtracting the weight of the crucible after ashing from the weight of the crucible containing the residue after drying. The NDF was isolated from the sample in quadruplicate, collected, and pooled. Analyses for CP and AA associated with NDF and chromic oxide of diets, digesta, and feces were performed as described previously (Huang et al., 1999) .
Crude mucin in ileal digesta was isolated according to previously described procedures (Lien, 1995; Lien et al., 1997) . Briefly, 25 mL of 0.15 M sodium chloride containing 0.02 M sodium azide was added to approximately 3 g of ileal digesta in a 50-mL polystyrene test tube. The samples were homogenized for 1 min using a Polytron homogenizer (Kinematica, Kriens, Switzerland) and immediately centrifuged at 12,000 × g for 30 min. The supernate was decanted into a second test tube and centrifuged once more. Fifteen milliliters of the liquid fraction was pipetted into a preweighed 50-mL test tube and the samples cooled in an ice bath. Ice-cold ethanol was added to a final concentration of 60% (vol/vol) and the samples were left to precipitate overnight at −20°C. Crude mucin was recovered by centrifugation at 1,400 × g for 10 min. The CM precipitate was redissolved in 0.15 M NaCl and precipitated with ethanol as described before. Rinsing was continued until a clear supernate was obtained. Crude mucin was solubilized in 10 mL of distilled water, frozen, and freeze-dried. The daily output of CM was estimated following the determination of N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc), and calculation of the ratio of GlcNAc:GalNAc according to principles described by Lien (1995) and Lien et al. (1997) .
Bacteria were isolated from the pooled digesta and fecal samples as described by Dugan et al. (1994) . Bacterial nitrogen was quantified using diaminopimelic acid (DAPA) as an indicator and calculated on the basis of 26.4 mg DAPA/g bacterial nitrogen according to Wuensche et al. (1991) .
The ileal digestibility values of NDF, CP and AA associated with NDF in the experimental diets, the ileal mucin output, and ileal and fecal bacterial nitrogen contents were subjected to statistical analysis using the General Linear Model procedure (GLM) of SAS (SAS Inst. Inc., Cary, NC). Means of dietary treatments, experimental periods, and barrows were compared using the Student-Newman-Keul's multiple range test. Pearson partial correlation analyses were conducted to determine the relationship between the apparent ileal digestibilities of CP and AA in the wheat fractions and the content of CP associated with NDF in the wheat fractions. Variations contributed by barrows and periods were removed and correlation coefficients were computed from the error sums of squares and cross-products (df = 19) using the repeated measurement option of GLM of SAS (SAS Inst. Inc.). The regression equations were developed using the Regression procedure of SAS (SAS Inst. Inc.).
Results and Discussion
The amino acid contents of bran, shorts, and soybean meal were presented previously (Huang et al., 1999) . The contents of CP and AA in NDF and their contribution to total CP and AA in soybean meal, bran, and shorts are presented in Table 1 . The contents of CP and AA associated with NDF from flour and their contribution to total CP and AA in flour and diets were very small and, therefore, not presented. The contents of CP and most of the AA were highest in NDF isolated from bran. As expected, reflecting the content of NDF, the contribution of CP and AA associated with NDF to total CP and AA was highest in bran and lowest in soybean meal. Of the indispensable AA, these values ranged from 16.7 (histidine) to 19.7% (valine) in bran. In shorts, these values ranged from 12.2 to 15.1%, also for histidine and valine, respectively.
The CP and AA contents and the contribution of CP and AA associated with NDF to total CP and AA in the wheat fractions are presented in Table 2 . The contribution of CP and AA gradually decreased from wheat fractions A to E, reflecting a decrease in NDF content from 42.3 to 29.5%. Of the indispensable AA in wheat fraction A, the contributions ranged from 12.9 (histidine) to 15.9% (valine). In wheat fraction E, these values ranged from 9.0 (histidine) to 11.3% (lysine). Of the dispensable AA in all wheat fractions, the highest and lowest contributions were observed for glycine and glutamic acid, respectively. The contributions of CP and AA associated with NDF to total CP and AA in ileal digesta of pigs fed the experimental diets are presented in Table 3 . These values reflected those of the respective wheat fractions in the experimental diets because the contribution of NDF associated with soybean meal to the total NDF content in the diet was very small (4.5 to 6.1%). These studies show that a considerable proportion of AA in ileal digesta is associated with NDF. Of the indispensable AA, the values ranged from 8.6% for lysine in pigs fed diet E to 21.9% for methionine in pigs fed diet B. For all diets, the contributions of lysine and methionine were lowest and highest, respectively. It is of interest to note that the contribution of CP associated with NDF to total CP in ileal digesta was lower than the contributions of AA associated with NDF to total AA in ileal digesta. This results from the fact that a considerable proportion of CP in ileal digesta is present in the form of non-AA nitrogen. In studies with pigs fed protein-free diets, Sauer (1976) and Landin (1992) , respectively, reported that 27.8 to 44.5 and 41.7% of nitrogen were present in the form of non-AA nitrogen. In a study with pigs fed a milk powder diet, about 85% of nitrogen in ileal digesta was non-AA nitrogen (Dierick et al., 1986) . Non-AA nitrogen includes nitrogen from amino sugars (glucosamine and galactosamine) (Landin, 1992) and likely ammonia and urea (Mosenthin, 1987) .
The apparent ileal digestibility values of NDF are presented in Table 4 . Although the apparent ileal digestibility values of NDF ranged from 11.8% in diet E to 17.1% in diet C, the differences were not significant (P > 0.05). Schulze et al. (1994) also observed no differences (P > 0.05) in the ileal digestibility values of NDF in studies with pigs fed diets that included 6, 12, or 18% purified NDF from wheat bran. The ileal digestibilities of NDF in that study ranged from 16.2 to 18%. Pigs do not produce enzymes that digest NDF. Therefore, the disappearance of NDF in the small intestine must result from bacterial fermentation. Disappearance of NDF in the small intestine was also reported by Buraczewska et al. (1988) ; the values ranged from 10 to 32%, depending on the source of NDF. They postulated that the hemicellulose fraction of NDF is most prone to bacterial fermentation in the small intestine. The presence of significant bacterial fermentation in the small intestine (as opposed to the large intestine) has often been overlooked and will be addressed later. There were no differences (P > 0.05) in the ileal digestibility values of AA associated with NDF between the experimental diets (Table 4 ). The digestibility values of AA associated with NDF were low. The average digestibility values of the indispensable AA (the means over all diets) ranged from 48.2% (isoleucine) to 66.8% (arginine). Furthermore, it should be pointed out that these digestibility values represent true, rather than apparent, values. The apparent values will be lower because dietary fiber per se may affect the recovery of endogenous AA in ileal digesta and decrease AA absorption from dietary protein. As was pointed out previously, the level and source of dietary fiber are two important factors, in addition to antinutritional compounds, that affect the recoveries of endogenous AA in ileal digesta (Sauer and Ozimek, 1986) . The NDF fraction comprises a heterogeneous mixture of structural (cellulose, hemicellulose, and pectins) and nonstructural polysaccharides and lignin (Goering and Van Soest, 1970) . Means in the same row with different superscript letters differ (P < 0.05).
Several studies have shown an increase in the recovery of endogenous protein and AA in digesta collected from the distal ileum with the inclusion of water-insoluble fiber sources in pigs fed protein-free diets (Sauer et al., 1977; Taverner et al., 1981; De Lange et al., 1989) . The increases, however, were not always significant. Li et al. (1994) pointed out that AA losses (increases in recoveries of AA in ileal digesta) resulting from the dietary inclusion of water-insoluble fiber may become quantitatively important only when a certain level (threshold level) is exceeded. In studies with rats, Schneeman et al. (1982) reported that the dietary inclusion of water-insoluble fiber increased the sloughing of intestinal mucosal cells and mucus production. However, there is still controversy as to whether waterinsoluble fiber affects the production of mucus (Leterme et al., 1992) . The dietary inclusion of water-soluble fiber, due to its gelling and viscosity properties, will decrease digestion and absorption of nutrients by reducing the mixing of intestinal contents, blocking enzymesubstrate interaction, and by forming an unstirred water layer, thereby creating a physical barrier to nutrient absorption (Johnson and Gee, 1981) . Studies with growing pigs showed that the inclusion of 7.5% pectin in an 18% CP cornstarch-soybean meal diet decreased (P < 0.05) ileal AA digestibilities (Mosenthin et al., 1994) .
In addition to increasing the sloughing of intestinal cells, and perhaps mucus production, and decreasing nutrient absorption, the inclusion of dietary fiber may also increase the secretion of protein from pancreatic juice and thereby enhance the endogenous AA losses. Langlois et al. (1987) reported an increase (P < 0.05) in pancreatic protein output (19.7 vs 14.5 g/d) when 40% wheat bran was included in a wheat-based diet. Zebrowska (1985) also reported a nonsignificant increase in pancreatic protein output (19.0 vs 17.9 g/d) when 44% bran was included in a wheat-based diet. However, studies by Mosenthin and Sauer (1991) and Mosenthin et al. (1994) showed no effect of the dietary inclusion of fiber, either soluble (pectin) or insoluble (Alphafloc and barley straw), on pancreatic protein output. According to Souffrant (1991) , approximately 90% of pancreatic protein is recycled in the small intestine. It can be concluded that even in the case that there is an increase in pancreatic protein output with the inclusion of dietary fiber, this will only have a minor effect on the recovery of endogenous protein at the distal ileum. Finally, fiber may adsorb AA and peptides, withholding these from absorption, the extent to which depends on the degree of lignification (Bergner et al., 1975; Mitaru et al., 1984) .
The content of CP (%N × 6.25) associated with NDF in the wheat fractions ranged from 1.16 to 1.84% (Table  2 ). Simple regression equations can then be generated between the apparent ileal digestibility values of CP and AA in wheat fractions and the CP content (%) associated with NDF in the wheat fraction (data not shown). With the exception of lysine (P = 0.57), methionine (P = 0.09), cysteine (P = 0.15), and tyrosine (P = 0.07), there were negative (P < 0.05) correlations. It should be pointed out that the correlations were almost significant for methionine and tyrosine. The poor correlation between the apparent ileal digestibility value of lysine in the wheat fractions and the content of CP associated with NDF results from the fact that there were no differences (P > 0.05) in apparent ileal lysine digestibility values between the wheat fractions (Huang et al., 1999) . The correlations between apparent ileal amino acid digestibility values and the content of CP associated with NDF were higher than those observed between ileal amino acid digestibility values and NDF content in the wheat fractions (Huang et al., 1999) . For example, the probabilities of significance for the slope of the regression equations changed from 0.08 to 0.03, 0.14 to 0.06, and 0.10 to 0.07 for arginine, methionine, and tyrosine, respectively.
As mentioned previously, fermentation in the distal part of the small intestine has not received much attention. The recoveries of bacterial nitrogen in ileal digesta of pigs fed the experimental diets ranged from 1.8 to 2.9 g/d (P > 0.05) ( Table 5 ). Bacterial nitrogen recovered in ileal digesta as a percentage of total nitrogen ranged from 14.0 to 34.0%. The percentage of bacterial nitrogen was highest (P < 0.05; 34%) in pigs fed the cornstarchsoybean meal diet (diet F). The apparent ileal CP digestibility value of the cornstarch-soybean meal diet was higher (81.9%) than that of the other experimental diets containing the wheat fractions (70.6 to 75.3%) (Huang et al., 1999) . The higher percentage of bacterial nitrogen in pigs fed diet F, compared to those fed the other diets, is a result of the higher protein digestibility of this diet. Schulze et al. (1994) reported a range of 1.9 to 2.2 g/d of bacterial nitrogen recovered in ileal digesta of pigs. The percentage of bacterial to total nitrogen in ileal digesta ranged from 54.4 to 65.5%. However, the apparent ileal CP digestibilities of the diets fed in the study by Schulze et al. (1994) ranged from 84.0 to 88.9%, which are higher than values reported in the studies by Huang et al. (1999) . The bacterial nitrogen content in ileal digesta of pigs was also determined by Wuensche et al. (1991) , Dugan et al. (1994), and Caine et al. (1999) . In some of the studies, quantitative contributions (g/d) were not reported. The presence of significant activity of bacterial fermentation at the distal ileum will have some effect on the accuracy of the measurement of ileal AA digestibility values. This may result from de novo synthesis of bacterial AA from nonprotein nitrogen (e.g., urea) and transformation of AA directly taken up by the microbes.
As expected, the fecal bacterial nitrogen recoveries (g/d) were higher than the ileal recoveries (Table 5 ). The recoveries were higher (P < 0.05) in pigs fed the wheat fraction-containing diets than in pigs fed the cornstarch-soybean meal diet. More indigestible material is transferred into the large intestine, providing more substrate to the microflora, when pigs are fed wheat fraction-containing diets (Misir and Sauer, 1982) . The contribution of bacterial to total nitrogen in Means in the same row with different superscript letters differ (P < 0.05).
feces ranged from 80.2 to 92.8%, depending on the diet fed. The contribution was highest (P < 0.05) for pigs fed the cornstarch-soybean meal diet. These results are in general agreement with other studies in that a large proportion, the extent to which is diet-dependent, of protein in feces consists of bacterial protein (Mason, 1984; Wuensche et al., 1991; Mosenthin et al., 1994) . The daily output of CM is presented in Table 6 . The content of NDF in the wheat fraction-containing diets ranged from 18.0 to 24.2%. There was no effect (P > 0.05) of NDF content on CM output, which ranged from 10.90 to 12.64 g/d. Schneeman et al. (1982) in studies with rats reported an increase in the proportion of goblet cells (mucus-producing cells) in the duodenum and colon when 20% wheat bran was supplemented to a fiber-free diet. They postulated that the proportion of mucus may be increased. It was suggested that an increase in ileal nitrogen recovery can be ascribed to the abrasive effect of fiber on the cells of the intestinal wall. However, as was pointed out by Leterme et al. (1992) , this has never been demonstrated in in vivo studies. Digestion of purified mucin with trypsin, pepsin, or pronase showed the presence of two distinct regions in the glycoprotein molecule. Region one is rich in threonine, serine, and proline and is glycosylated and resistant to proteolysis. Region two, which has an amino acid composition more characteristic of a globular protein, is not glycosylated and susceptible to proteolysis (Scawen and Allen, 1977) . As was reported by Lien et al. (1997) , although mucin represents a relatively small proportion (5 to 11%) of the total endogenous AA in ileal digesta, the contributions of threonine (25 to 35%), serine (13 to 16%), and proline (7 to 24%) were higher.
The daily output of mucin in feces was not determined in the present study. Hoskins (1984) reviewed the literature and concluded that degradation of mucin occurs primarily by the microflora in the large intestine. In a study with humans, Clamp and Gough (1991) reported that, whereas glycoprotein represented about 15% of the DM in ileostomy effluent, only traces were detected in feces. Recent studies with growing pigs fed a diet consisting of 95% barley or barley-legume mixtures showed large differences in the total daily outputs of mucin in ileal digesta and feces (Lien et al., 2000) . For example, the ileal and fecal outputs of mucin in pigs fed the barley diet were 7.77 g/d and 1.36 g/d, respectively, indicating considerable microbial fermentation of mucin in the large intestine, namely 82.5%. Fermentation of mucin (region one, resistant to proteolysis) may also explain the relatively large disappearance of threonine, serine, and proline in the large intestine that has been reported in many studies with pigs (e.g., Sauer and Ozimek, 1986; Huang et al., 1999) .
Implications
Of the indispensable amino acids, with the exception of lysine and methionine, the apparent ileal digestibilities of AA in samples with different proportions of wheat bran, shorts, and flour (to simulate samples of wheat shorts differing in NDF content; 29.3 to 42.3%) were negatively correlated (P < 0.05) with the crude protein associated with NDF. The correlation for methionine approached significance (P = 0.09). There is considerable bacterial activity in ileal digesta. Bacterial nitrogen, as a percentage of total nitrogen content in ileal digesta, ranged from 14.0 to 21.7% in pigs fed the simulated wheat shorts diets. There was no effect (P > 0.05) of NDF content on crude mucin output at the distal ileum, which ranged from 10.9 to 12.6 g/d. Fermentation of mucin by the microflora in the large intestine may explain the relatively large disappearance of threonine, serine, and proline that is often reported in amino acid digestibility studies with pigs.
